Abstract: In spite of numerous phylogenetic studies to determine relationships in Order Caryophyllales and particularly in the suborder Portulacinae, the position of Halophytaceae remains controversial. Halophytum ameghinoi belongs to this monotypic succulent herbaceous family, which is endemic to the Argentine Monte eco-region, in arid and semi-arid scrubland. Some have suggested a relationship with Chenopodiaceae and others a close relationship with Basellaceae and/or Portulacaceae. We performed detailed phylogenetic analyses using the nuclear (18S, ITS, and 26S) and plastid regions (atpB, trnK/matK, ndhF, rbcL, and rpl16) of previous and newly obtained DNA sequences in the suborder Portulacinae to clarify Halophytum's relationships and to identify the DNA markers with the strongest phylogenetic signal. Phylogenetic analyses performed with the total evidence data matrix confi rmed a close relationship between Halophytum and Basellaceae and a close relationship of both with Didiereaceae. The DNA marker with the most parsimony informative sites was the plastid trnK/matK, followed by ndhF. When the proportion of variable to informative sites is considered, the nuclear ITS region retrieved the most informative sites. However, phylogenetic trees retrieved by total evidence analyses improve branch support if this nuclear region is not used. Keywords: Anredera, Basellaceae, Halophytum, ITS, ndhF, trnK/matK.
H
alophytum ameghinoi (Speg.) Speg., the sole species of family Halophythaceae, is a remarkable taxon belonging to Order Caryophyllales. Halophytum is a monoecious, annual herb with decumbent, glabrous branches, small fl owers in racemose infl orescences, and alternate succulent leaves (Bittrich, 1993a) . Other morphological characters are rayless wood (Gibson, 1978) , four petal-like elements, stamens alternate with perianth members, anthers that dehisce by pores, and cuboid, hexaporate pollen ( Bittrich, 1993a) . The carpellate infl orescence is fasciculate and the fruit is a nutlet, embedded in the hard infl orescence axis (Hunziker et al., 1974; Pozner and Cocucci, 2006) . Halo-
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Figure 1. Schematic representation of the different hypotheses proposed for the placement of Halophytum, in relation to related families within the succulent clade using molecular data. (A) see Cuénoud et al. (2002) ; (B) see Schäferhoff et al. (2009) ; (C) see Arakaki et al. (2011) . * indicates genera formerly classifi ed in Portulacaceae.
phytum is endemic to the arid and semi-arid lands of the Argentine Monte eco-region, where it is found in open scrubland and very often growing on bare soil from La Rioja in the north to Santa Cruz in the south, at elevations from sea level (the Valdés Peninsula) to 2,200 m (Caligasta) in areas that receive little rainfall (80-250 mm; Zuloaga and Morrone, 1999) . Halophytum ameghinoi was initially described as a member of the genus Tetragonia, in the Aizoaceae (Spegazzini, 1899) . However, differences in ovary, pollen, and fruit morphology showed that this relationship is unlikely (Bittrich, 1993b) ; moreover, the species lacks several apomorphies of Aizoaceae (Bittrich, 1993b) . Later, H. ameghinoi was classifi ed in its own family, Halophytaceae, by Soriano (1946) who pointed out that it should be considered an independent family with uncertain, inconclusive systematic relationships with families included in Centrospermae. Pozner and Cocucci (2006) summarized the several relationships that have been proposed for Halophytaceae. A close relationship with Chenopodiaceae was proposed based on vegetative and fl oral characters (Hutchinson, 1959; Takhtajan, 1959; Cronquist, 1981) , and because the exine structure of its pollen grains is similar to that of some Chenopodiaceae members (Skvarla and Nowicke, 1976) . Other authors related Halophytum to Basellaceae or Basellaceae-Phytolaccaceae based on pollen morphology (Erdtman, 1972; Bittrich, 1993a ) and the possession of P-type sieve-tube plastids (Hunziker et al., 1974) , while other hypothesis suggested a close relationship with Basellaceae and/or Portulacaceae, based on stomata (Di Fulvio, 1975) , fl oral morphology (Takhtajan, 1969 (Takhtajan, , 1997 , and chromosome number (Hunziker et al., 2000) .
Although molecular data helped clarify the relationships among the families of Order Caryophyllales, the evolutionary relationships of Halophytum with other groups have remained elusive. Manhart and Retting (1994) suggested that this genus is related to Cactaceae, Basellaceae, Didiereaceae, and Portulacaceae in the "succulent" clade or the suborder Portulacinae (Cronquist and Thorne, 1994) , which in traditional classifi cations includes the families Basellaceae, Cactaceae, Didiereaceae, Halophytaceae, Hectorellaceae, and Portulacaceae (Nyffeler and Eggli, 2010) . Savolainen et al. (2000) performed parsimony analyses based on a plastid rbcL dataset for eudicots and included a sample of Halophytum. Their results suggested a sister group relationship between this taxon and Basellaceae; however, this relationship did not receive strong support and was not retrieved with support by later studies. Cuénoud et al. (2002) published the fi rst molecular phylogeny of Caryophyllales based on plastid rbcL and matK DNA sequences with an extensive taxonomic sampling, and confi rmed the inclusion of Halophytum within the suborder Portulacinae, including Montiaceae. However, they were not able to resolve relationships among families within this suborder ( Figure 1A ). The close relationship among families Basellaceae, Didiereaceae, Cactaceae, Portulacaceae, Halophytaceae, and Montiaceae was later confi rmed by phylogenetic studies by Nyffeler and Eggli (2010) that focused on the clade and based on a plastid matK and ndhF matrix, and by Ocampo and Columbus (2010) with a matrix of six concatenated plastid regions; both using Bayesian inference. The recent efforts of Nyffeler and Eggli (2010) to elucidate phylogenetic relationships within the suborder based on molecular data led them to propose a revised familial classifi cation of Portulacineae, in which they recognized eight monophyletic families: Basellaceae, Cactaceae, and Halophytaceae, which correspond to traditionally circumscribed families; and members of traditional Portulacaceae as part of Anacampserotaceae (Anacampseros, Grahamia, Talinopsis), Didiereaceae (incl. Calyptrotheca, Ceraria, Portulacaria) , Montiaceae (incl. Hectorellaceae, Calandrinia, Cistanthe, Claytonia, Lewisia, Montia, Phemeranthus) , Talinaceae ( Amphipetalum, Talinella, Talinum) , and Portulacaceae with only one genus, Portulaca. Nevertheless, neither Nyffeler and Eggli (2010) nor Ocampo and Columbus (2010) were able to retrieve well supported topologies to determine the phylogenetic affi nities between Halophytum and the other lineages. Moreover, Ocampo and Columbus (2010) ran the phylogenetic Shimodaira-Hasegawa test for alternative topologies regarding the placement of members of this clade, but none of the hypotheses for the position of Halophytum received signifi cant support over the others, revealing the need for further analysis with additional data. Schäferhoff et al. (2009) Figure 1C ). Similar relationships were retrieved with higher bootstrap likelihood support values using a trnK/matK dataset from Crawley and Hilu (2012a, b ; likelihood bootstrap support values above 50%).
Diffi culties in solving the phylogenetic affi nities of Halophytum with Didiereaceae, Basellaceae and Portulacaceae in the studies mentioned, support the use of novel strategies and a different taxonomic sampling to resolve its position. In this study we compiled a dataset of eight plastid and nuclear regions available for the suborder Portulacinae (Nyffeler and Eggli, 2010) to test the phylogenetic position of Halophytum in relation to Basellaceae, Didiereaceae, and its segregates. We analyzed the phylogenetic signal in each DNA marker as well as the use of nuclear, plastid, or total evidence data matrices by comparing the results with hypotheses that are already available.
Materials and methods
Taxonomic sampling. Taxa representative of the families of Order Caryophyllales and of the suborder Portulacinae belonging to the succulent clade (Basellaceae, Cactaceae, Didiereaceae, Halophytaceae, Montiaceae, and Portulacaceae) were selected. Depending on availability on the GenBank, 11 to 132 taxa were assembled in the corresponding data matrix for each molecular marker. Representative species of Beta (Amaranthaceae), Mollugo (Molluginaceae), and Stegnosperma (Stegnospermataceae) were used as outgroups (Species and GenBank accession numbers are listed in Appendix 1).
DNA sequencing. Nuclear DNA sequences (ITS and 18S, 26S) and plastid sequences (atpB, trnK/matK, ndhF, rbcL, rpl16) were downloaded from GenBank. Additionally, we sequenced the ndhF and the rpl16 regions for Halophytum ameghinoi. DNA was extracted from fresh or silica-geldried tissue with the DNeasy Plant Mini kit (Qiagen, California, USA). The ndhF region was amplifi ed using primers 32F-1101R and 1101F-2110R, and sequenced following the protocols of Terry et al. (1997) ; while the rpl16 region was amplifi ed using primers rpl16F71 and rpl16R1516, and sequenced following the protocols of Shaw et al. (2005) . The sequences for each region were aligned automatically using Muscle 3.8 (Edgar, 2004) , followed by a manual refi nement using BioEdit 5.0.6 (Hall, 1999) , 5' and 3' extremes were pruned in each matrix to leave similar length sequences for every taxon. For some cases in which DNA regions were not available for the same taxon, we assembled sequences from different species of the same genus to minimize missing data, following Campbell and Lapointe (2009) .
Phylogenetic analyses. Matrices were constructed for every locus, as were concatenated nuclear, concatenated plastid, and total evidence data matrices. Bayesian inference, parsimony and maximum likelihood (ML) analyses were performed. Parsimony included only potentially informative characters, which were unordered and equally weighted. Gaps were treated as missing data and the analyses were performed in NONA 2.0 (Goloboff, 1999) using the parsimony ratchet under WinClada v.1.00.08 (Nixon, 2002) as a shell program. Three searches with different starting seeds using 300 iterations (100 trees held per iteration) were carried out. We sampled 10% of the characters for reweighting during the parsimony ratchet and calculated a strict consensus from the most parsimonious trees. Bayesian inference was run in MrBayes v3.1.2 (Huelsenbeck and Ronquist, 2001) . In each single locus analysis, the best fi tting substitution model was identifi ed with jModelTest 2 (Darriba et al., 2012) . In the concatenated data sets, each locus was treated as a partition for which its best fi tting model was specifi ed, and unlinked parameter estimation and independent rate variation were allowed. The Metropolis-coupled Markov chain Monte Carlo (MC3) consisted of two independent runs of 10 million generations during which one was sampled every 200 trees. The outputs of MrBayes were examined with Tracer v1.4 (Rambaut and Drummond, 2007) to check for any convergence of different parameters, to determine the approximate number of generations at which log likelihood values stabilized to identify the effective sample size (ESS) for each parameter, and to estimate the magnitude of model parameters in individual and combined runs. Topological convergence in the two independent MCMC runs was checked with the "compare" plot in AWTY (Wilgenbusch et al., 2004) . The initial 10% of MCMCs was verifi ed to include all the generations before stationarity. The posterior probabilities of clades were obtained from the 50% majority rule consensus of sampled trees after excluding the initial 10% as burn-in. Maximum likelihood analyses were performed in RAxML v.7.0.4 (Stamatakis, 2006) . For the concatenated matrices, we implemented an independent general time reversible model (GTR) and a gamma distribution for site rates for each data partition. We set 25 rate categories for the gamma distribution for each locus in the single locus analyses and for each partition in the concatenated matrix analyses because an exploratory analysis in RAxML showed this number of categories leads to an improvement in likelihood values. We performed 500 independent searches starting from different initial MP trees. The ML tree was selected from the entire set of resulting trees on each search. Statistical support for the position of Halophytum ob- Figure 3 . Best ML topology estimated for the succulent clade using a matrix with two nuclear (18S, and 26S) and four plastid regions (atpB, trnK/matK, ndhF, and rbcL). Values above and below branches correspond to ML bootstrap and Bayesian posterior probability values, respectively. Genera with no species name correspond to assembled sequences from different species of the same genus to minimize missing data.
Botanical Sciences 92 (3): [351] [352] [353] [354] [355] [356] [357] [358] [359] [360] [361] 2014 PHYLOGENETIC RELATIONSHIPS OF HALOPHYTACEAE tained with each region and the concatenated matrices in the parsimony analyses were evaluated using TNT (Goloboff et al., 2008) , running 1000 replicates in the ''traditional search" approach with TBR set to 100 replications holding 50 trees, and saving the consensus of each resampling matrix. For the Bayesian analyses statistical support was evaluated using the posterior probability (pp) values obtained from the MrBayes analyses, and for the maximum likelihood. We performed 100 ML bootstrap (bst) replicates in RAxML. Table 1 includes information for every data matrix. In general, the plastid matrix included more information in terms of variable (V) and parsimony informative (Pi) sites than the nuclear matrix did, although the locus with the highest number of V and Pi sites was the ITS region, trnK/matK and ndhF regions had the highest number of V and Pi sites on the plastid markers used. The trnK/matK data matrix had the highest taxonomic sampling including 132 taxa, followed by ITS (93 taxa) and rbcL (58 taxa; Table 1 ). However, it is important to point out that the number of taxa sampled does not necessarily refl ect the heterogeneity of lineages within Caryophyllales. Trees resulting from parsimony, Bayesian, and maximum likelihood analyses for each separate locus can be obtained on request from the author for correspondence. Parsimony analyses did not resolve the relationship of Halophytum with the taxa included in any matrix. The hypothesis proposed by Schäferhoff et al. 2009 (Figure 1B) , in which Halophytum is more closely related to Basellaceae, was supported by the ITS and ndhF regions, and by the plastid and total evidence analyses, both with Bayesian inference and ML results. The hypothesis proposed by Arakaki et al. (2011;  Figure 1C ), in which Halophytum is the sister group to the BasellaceaeDidiereaceae clade (and Ceraria and Portulacaria, formerly placed in the paraphyletic Portulacaceae), was only supported by the trnK/matK region.
Results
The total evidence matrix included fi ve plastid and three nuclear regions, reaching a total of 15,232 bp (Table 1) . The best resolved topologies are shown in fi gures 2 and 3. ML and Bayesian hypotheses were congruent; thus, the trees synthesize relationships, showing support values above 50% for the ML bootstrap (bst) and above 0.5 for posterior probability values (pp) for the Bayesian inference. The ML tree in Figure 2A was retrieved from the total evidence analysis. Figure 2B was retrieved when the nuclear ITS was removed from the data matrix. Figure 3 shows the tree based on a data matrix in which the nuclear ITS and the plastid rpl16 were eliminated. This phylogenetic hypothesis had the highest support values (bst = 64, pp = 0.96) for the clade formed by the three representative taxa of Didiereaceae, the two representative taxa of Basellaceae and Halophytum. Moreover, H. ameghinoi was the sister taxon to the Basellaceae in a well-supported clade (bst = 100, pp = 1).
Discussion
Suborder Portulacinae, that includes the families Basellaceae, Cactaceae, Didiereaceae, Halophytaceae, and Por-
tulacaceae, was originally proposed by Engler (1898) and recognized by Thorne as suborder Cactinae (Thorne, 1976; 2000) . The suborder has been identifi ed as monophyletic in a number of systematics studies (e.g. Hershkovitz and Zimmer, 1997; Applequist and Wallace, 2001; Cuénoud et al., 2002; Hilu et al., 2003; Applequist et al., 2006; Nyffeler, 2007; Schäferhoff et al., 2009; Arakaki et al., 2011) . However, the majority of these did not include sequences of Halophytum to defi ne its evolutionary relationships.
Although our parsimony analyses did not retrieve topologies with a strong resolution in terms of bootstrap support for nodes in any of the matrices analyzed, phylogenetic analyses performed using Bayesian inference and maximum likelihood approaches provided topologies with enough resolution to evaluate hypotheses pertaining to the phylogenetic placement of Halophytum. Moreover, the trees retrieved by both methods were congruent. The datasets with the most balanced representation of taxa were the nuclear ITS data matrix and the plastid trnK/matK data matrix, as well as the plastid and total evidence matrices.
From the six single locus data matrices, the nuclear 26S dataset did not provide any further information for establishing the relationships of Halophytum, thus corroborating the results of Cuénoud et al. (2002) , in which this DNA marker only identifi ed the position of Halophytum in suborder Portulacinae. Two regions supported a closer relationship of Halophytum with Basellaceae (ITS and ndhF), the latter with good support. In addition, two other regions supported a novel hypothesis, in which Halophytum would be closer to the representative taxa in Montiaceae (atpB and rbcL), though with moderate to low support. Finally, the trnK/matK region alone supported the relationship of Halophytum with a clade formed by Didiereaceae and Basellaceae, the clade receiving moderate to good support and confi rming the results of Arakaki et al. (2011) . The analyses performed with a single locus provided low support, and the confl icting results may be due to a weak phylogenetic signal rather than incongruent topologies among the DNA markers utilized (Crawley and Hilu, 2012a) . The analyses performed without ITS and in addition without rpl16 were the best supported.
Our results confi rm the close affi nity between Halophytum and Basellaeae, previously suggested by Bittrich (1993b) due to similarly shaped cuboid pollen grains, by Di Fulvio (1975) based on stomata, by Takhtajan (1969 Takhtajan ( , 1997 based on fl oral characters, and by Hunziker et al. (2000) based on the same chromosome number. Basellaceae is native to the tropical and subtropical areas of the Americas, southeastern Africa, and Madagascar, and most of its species are succulent vines with bisexual fl owers occurring in dry habitats (Eriksson, 2007) . Within the family, the genera Anredera, Tournonia, and Ullucus are native to the Americas, the latter two are restricted to the Andes in South America. Most Anredera species are also Andean, except for one species that is distributed as far north as the southern United States ( Eriksson, 2007) and three that grow in Argentina: A. cordifolia, A. krapovickasii and A. tucumanensis.
Our analyses identifi ed that Basellaceae and Halophytaceae are related to Didiereaceae. This family is native to the arid southwestern part of Madagascar (Erbar and Leins, 2006) . Several lines of evidence suggest that Basellaceae, Cactaceae and Didiereaceae (and possibly Halophytum) originated in the paraphyletic Portulacaceae (see references in Eriksson, 2007) .
The use of multiple genomic regions with variable tempos and modes of evolution, regardless of the incomplete taxonomic representation of some of them, improved the phylogenetic signal in the Caryophyllales (Crawley and Hilu, 2012a) . Our results confi rmed that using all plastid and nuclear regions (with exception of the nuclear ITS and the plastid rpl16) phylogenetic signal improved and the relationships of Halophytum were clarifi ed. However, as Crawley and Hilu (2012a, b) indicated, the rapid diversifi cation of members of the succulent clade produced incongruent topologies and insuffi cient support in the phylogenetic analyses. The most problematic DNA marker for aligning was rpl16, thus removing this region improved branch support. Reports of ITS region (ITS 1, 5.8S and ITS 2) in fl owering plants suggested that polymorphic individuals often contain non-functional nrDNA (pseudogenes; Bailey et al., 2003) . Moreover, a molecular study of the cactus Mammillaria found that most of ITS copies are non-functional and suggested a non-concerted evolution of ITS 1 and ITS 2 (Harpke and Peterson, 2006) . We suggest this is the reason that the resolution of the resulting topologies in our study improved when ITS is removed from the total evidence analyses.
Conclusions
Halophytum was retrieved as the sister taxon to the representative species of Basellaceae, and both groups were sister to the Didiereaceae. The plastid marker trnK-matK was the region with the most polymorphisms from the nuclear and plastid sequences utilized in this study. The DNA marker with the most parsimony informative sites was the plastid trnK/matK, followed by ndhF; however, if the proportion of variable to informative sites is considered, the nuclear ITS region retrieved the most informative sites. A concatenated data matrix with two nuclear (18S and 26S), and four plastid regions (atpB, trnK/matK, ndhF, and rbcL) retrieved the best supported topologies in both the maximum likelihood and Bayesian inference analyses. Removing the nuclear ITS and the plastid rpl16 improved branch support in the topologies retrieved by Bayesian inference and ML analyses. Three species of Anredera in Basellaceae are distributed in Argentina and share pollen, fl oral, and vegetative characters with Halophytum. 
